The influence of crystal orientation (including [100], [110], and [111]) and diameter (ranging from 2 to 10 nm) on the tensile deformation behavior and mechanical properties of singlecrystal spinel (MgAl 2 O 4 ) nanowires is investigated using molecular dynamics simulations. Varied deformation characteristics and fracture modes are revealed when the tensile loading is applied in the differently oriented nanowires. Mechanical properties including elastic modulus and ultimate tensile strength of spinel nanowires are distinctly dependent on size in each crystal orientation. This study advances the understanding of spinel nanomechanics which can help the development of high-strength spinel materials and their potential nanodevice applications.
Introduction
Magnesium aluminate spinel (MgAl 2 O 4 ) is known to have good overall mechanical properties for varied applications [1, 2] , typical values of elastic (Young's) modulus for various single-crystal and microcrystalline MgAl 2 O 4 bulk samples are found to be 238-265 GPa [3] [4] [5] [6] [7] [8] . In addition, facture toughness of single-crystal MgAl 2 O 4 bulk samples are found to be 1.2, 1.5, and 1.9 MPa√m for the [100], [110] , and [111] direction, respectively [9] . This makes MgAl 2 O 4 one of the most outstanding ceramics available. Moreover, MgAl 2 O 4 has attracted increasingly growing interest in a number of other applications such as refractory materials, microwave dielectric and ceramic capacitors, humidity sensors, catalyst or catalyst support, and structural materials in fusion reactors [2] . However, a wider application in severe environments is because of the intrinsic brittleness of characteristic of spinel ceramics.
Nanostructuring of bulk systems into nanocrystalline, nanowires, or other nanoscale forms is an efficient approach to modify the deformation behavior and physical properties of materials. For example, nanocrystalline MgAl 2 O 4 spinel is known to exhibit superior mechanical properties as compared with its microcrystalline counterpart [10] [11] [12] [13] . Zhang et al have recently reported that the elastic modulus of nanocrystalline MgAl 2 O 4 spinel reached 314 GPa for a mean gran size of 40 nm [13] . This is significantly higher than that of its single-crystal and microcrystalline counterparts. Although MgAl 2 O 4 spinel in its nanocrystalline structure has been studied to certain extend [10] [11] [12] [13] , sporadic investigations have been reported on its form as single-crystal nanowire [14] . From a scientific standpoint, nanowires provide an ideal test-bed for understanding the intrinsic (e.g. crystal orientation) and size (e.g. diameter) dependent mechanical properties of solid materials [15] . In order to provide comprehensive insights into the mechanical properties and deformation mechanisms of MgAl 2 O 4 spinel nanowires, their singlecrystal form with different crystal orientations were studied in this work. As MgAl 2 O 4 possesses the cubic crystal structure [2] , the major low-index crystal orientations including [100], [110] and [111] were considered. In addition, nanowire diameters ranging from 2 to 10 nm were taken into account. Within this range, the nanosize effect on mechanical and physical properties as well as deformation behaviors is expected to be significant [16] [17] [18] .
Atomistic methods including classical molecular dynamics (MD) with proper empirical chemical potentials and ab initio MD based on parameter-free density functional theory (DFT) offer robust ways to simulate and calculate both the energies and structures of various types of materials at the atomic level [19] [20] [21] . Classical MD is much more computationally efficient than ab initio method, but relies on accurate empirical potentials to describe the atomic interactions in the system, whereas ab initio method is a parameter-free approach but usually restrict to limited size of systems (e.g. a few hundreds of atoms). Regarding MgAl 2 O 4 , a well-examined empirical chemical potential has been developed to represent the crystal structure and elastic properties of the synthetic stoichiometric MgAl 2 O 4 spinel [22, 23] . In this study, classical MD simulations were performed to investigate the mechanical response of single-crystal MgAl 2 O 4 nanowires with varying diameters and crystal orientations under uniaxial tensile deformation. The significance of this work is that it reveals atomistic information (not readily available in experiments) of the nanomechanical phenomena related to nanostructured spinel materials.
Simulation and analysis methods
In this study, MD simulations were performed using the Large-scale Atomic/Molecular Massively Parallel Simulator open-source code [24] and the Morooka interatomic potential [22] to define the interactions between Mg, Al and O ions. The Morooka four-term interatomic potential has been extensively reported in atomistic studies of the structural properties of spinel systems in many forms and conditions [22, 23] . Verification of the Morooka potential by modeling bulk MgAl 2 O 4 was also conducted in this work (see supplemental information, which is available online at stacks.iop. org/NANO/30/055701/mmedia). MD results of various physical and elastic properties of bulk spinel were found in close agreement with relevant experiments [4-6, 8, 25] and previous MD and DFT simulations [3, 7, 23] . This interatomic potential was therefore selected for this study to analyze the effect of size and crystal orientation on the mechanical properties of single-crystal MgAl 2 O 4 nanowires. parallel to the z-axis. For each crystal orientation, five nanowires were created with different diameter sizes: 2, 4, 6, 8, and 10 nm. The 2-10 nm diameter sizes were chosen for our investigation because the nanosized effect is expected to be significant in this size range [26] . In total, 15 spinel nanowires were constructed in this work. All nanowire models had a fixed length of 10 nm. Each nanowire was then placed in the center of a vacuum cuboid box with an edge length equal to (D+10 nm) in both x and y directions, and exactly 10 nm in the z-direction. Periodic boundary conditions (PBC) were applied in all directions of the cuboid box. Note the box side length along the z-axis was set to be exactly the same as the length of the nanowires (i.e. 10 nm). The other box side lengths of value (D+10 nm), along the x-and the y-axis, were found to be sufficiently large to avoid any artificial interactions between adjacent nanowires under PBC conditions.
Uniaxial tensile loading of spinel nanowires
MD simulations of uniaxial tension deformation along the z-axis were carried out in this study for three differently oriented single-crystal MgAl 2 O 4 spinel nanowires in the [100], [110] , and [111] direction, each with varied diameters (i.e. D=2, 4, 6, 8, and 10 nm). Thus, 15 distinct spinel nanowires were evaluated as a function of size and crystal orientation upon uniaxial tensile loading. All the simulations in this study (before and during tensile deformation) were carried out at 300 K and 1.0 atm. Prior to simulating tensile deformation, these nanowires were relaxed to equilibrium configurations through well-established approaches [27] . In particular, the two-step equilibrations were carried out to relax the nanowire models before the uniaxial tensile deformation.
Step 1 consisted in employing the microcanonical NVE ensemble to achieve constant energy in the nanowire models.
Step 2 involved the use of the Nose-Hoover equation of motion sampled from the isothermal-isobaric NPT canonical ensemble to equilibrate the nanowire models to a constant pressure of 1 atm. and a temperature of 300 K (room temperature) at a stable lowest energy level. The time step for the MD simulations in this work was 1.0 fs. The simulation steps of 20 000 (i.e. 20 ps) and 200 000 (i.e. 200 ps) were found to be sufficient for the NVE and NPT relaxations, respectively, for all nanowire models.
The simulated uniaxial tensile loading was obtained by varying the cuboid box side length along the z-axis. Due to the z-direction PBC, the strain of nanowires in the z-direction was varied simultaneously. For each nanowire that was preequilibrated, a uniform strain field along the required direction was accomplished by repeatedly scaling the corresponding unit cell dimension and atomic positions by a factor of 1.01 of the initial coordinates (mimicking uniaxial tension) and then relaxing the model for 50 ps in between rescaling steps. This combination of scaling and relaxing of a nanowire was repeated until a strain of 0.5 was reached. The tensile strain here is the engineering strain, defined as ε=ΔL/L 0 , where ΔL is the change relative to the original length L 0 . In all cases, a strain rate of 10 10 s −1 was applied to the nanowires to investigate the effect of diameter and crystal orientation on the deformation mechanism and elastic properties of MgAl 2 O 4 nanowires. This simulated tensile method is comparable to techniques reported previously in the study of silica nanowires [19, 27] and metallic nanowires [28] .
Results and discussion

Effect of crystal orientation on tensile deformation
Results in this study show that when the diameter of spinel nanowires is above ∼4 nm, tensile deformation in [100] and [111] oriented nanowires exhibit brittle fracture traits, typical of ceramic materials. Figure 2 (top) illustrates this via successive snapshots during tensile deformation of a representative [100] nanowire with a diameter of 10 nm. (For full deformation process, refer to Animation I in the supplemental material available in the web version of this article.) As seen in this case, no significant necking is observed up to the highest strain. This is typical brittle deformation characteristic, and intrinsic behavior of spinels. We also noticed that immediately after the elastic deformation ( figure 2(top, a) ), voids begin to initiate ( figure 2(top, b) ) which grow into large cavities ( figure 2(top, c) ), until the nanowire breaks into two parts. Void formation is usually related to the ductile fracture for bulk metallic materials. Simulation results indicate that a spinel nanowire with diameter of 10 nm shows certain ductile characteristic due to the surface effect. This ductile behavior becomes more significant with further reduction of the nanowire diameter, as discussed in section 3.2. Similar fracture behavior is observed in the case of article.) It has been reported that during tensile deformation the single-crystal [110] spinel bulk possesses a distinct slip system of {111}〈110〉 which has been identified using transmission electron microscopy [29] . We think this slip system of tensile deformation continues in the single-crystal [110] spinel nanowire, e.g. in the [110] spinel nanowire with D=10 nm (see figure 2(e) ). As shown by specific vectors, see white solid arrows in figure 2(bottom, e) , the slip system in the single-crystal [110] spinel nanowire is indexed as {111}〈110〉. After further deformation of the [110] nanowire, simulations show necking advances and ductile behavior governs ( figure 2(bottom, f) ).
Effect of nanosize on tensile deformation
Results from uniaxial tensile simulations are evaluated for all 15 spinel nanowires (see section 2.2). The simulated stressstrain responses are summarized in figure 3 . The tensile deformation of spinel nanowires shows significant sizedependence ( figures 3(a)-(c) ). In each crystal orientation, the slope of the initial linear part (strain varies from 0.0 up to about 0.05-0.1) of the stress-strain curves decreases as nanowire diameter size decreases. The slope of the initial linear part of the stress-strain curve represents the elastic modulus [30] . Thus, simulation results indicate the elastic modulus of spinel nanowire in each crystal orientation decreases with decreasing diameter. Similar behavior was also reported in a variety of nanowires, such as [111]-and [001]-oriented Cu nanowires [31] , ZnO nanowires [32] , β-SiC nanowires [33] , and amorphous silica nanowires [27] . Thus, several nanowires including the spinel single-crystal nanowires undergo 'softening' [34, 35] with the reduction of diameter sizes at the nanoscale. Possible mechanisms of size-dependent softening of nanowires are discussed below in section 3.3. Additionally, it was observed that distinct change in deformation mechanisms and fracture modes occur when a spinel nanowire diameter is reduced sufficiently. The fracture process corresponds to the drop of stress-strain curve beyond the peak stress (as shown with the blue dashed rectangles in figures 3(a)-(c) ). A sudden drop usually correlates to brittle failure, whereas a slow drop usually represents neck formation and ductile failure. In this study, the sudden drop of the stress-strain curve within a blue dashed rectangle is mostly unchanged when the diameter is reduced from 10 to 6 nm for [100] nanowires ( figure 3(a) ) and [110] nanowires ( figure 3(b) ), and from 10 to 4 nm for [111] nanowires ( figure 3(c) ), respectively. However, a slow drop is observed with a further reduction of diameter. This implies an abrupt change in deformation and fracture mechanisms. In both continuously ( figures 4(b)-(d) ). The size dependent brittle-toductile transition was observed in other nanowires, such as SiC nanowires [36] , Cu 64 Zr 36 metallic glass nanowires [37] , silicon nanowires [38] , among others. This anomaly is likely due to nanosize effects (e.g. with atoms being restricted to limited length scales, that is, a few nm 2 of the cross-section of nanowires), thus enhancing tensile ductility (or 'softening') that ultimately results in a brittle-to-ductile transition [37] in terms of deformation mechanism of brittle materials at the nanoscale [27] .
In the case of the [110] nanowires, the sudden drop of the stress-strain curve within the blue dashed rectangle in figure 3(b) is related to a mechanism change from slipping assisted to non-slipping assisted plastic/ductile deformation. (For full deformation of a [110] spinel nanowire with D=4 nm, see Animation V in the supplemental material available in the web version of this article.) There is a slipping stagnation of tensile deformation of [110] spinel nanowires due to the confined nanosize [39] and the 'softening' effect of elasticity (see section 3.3). It is noteworthy that the stressstrain curves in figures 3(a)-(c) correlate well with corresponding atomistic details in figures 2 and 4. For example, the (solid red) stress-strain curve ( figure 3(a) ) of the [100] nanowire (D=10 nm) reveals its elastic behavior and brittle fracture under tension, which is in excellent agreement with details in the associated snapshots ( figure 2 (top) ). In the case of the [110] nanowire of equal size, the (solid red) stress-strain curve ( figure 3(b) ) shows the elastic and plastic behaviors are characteristic of a ductile material, in good correlation with the atomistic deformation details shown in figure 2 (bottom).
Influence of crystal orientation and size on mechanical properties
Key tensile mechanical properties of spinel nanowires can be obtained from their stress-strain curves (see figures 3(a)-(c) ). First, the elastic (Young's) modulus can be computed from the elastic region of the stress-strain curve for each nanowire. The different slopes represent distinct elastic moduli of nanowires by numerical fitting with a linear function 'Stress= Elastic Modulus×Strain' according to the Hooke's Law [30] . The dependence of elastic modulus (E) on crystal orientation and diameter size of spinel single-crystal nanowires are depicted in figure 3(d) . Elastic modulus varies in different crystal orientations but all show distinct nanosize dependence. Specifically, for each crystal orientation, elastic modulus decreases with decreasing nanowire diameter. It should be noted that the elastic moduli of spinel single-crystal nanowires (with D10 nm) are significantly lower than that of the spinel single-crystal bulk systems. For example, the elastic moduli of spinel single-crystal nanowires with D=10 nm vary from 54 to 128 GPa, whereas the elastic moduli of spinel single-crystal bulk systems range from 145 to 337 GPa based on first-principles DFT calculations [7] . This is consistent with the above observation that spinel single-crystal nanowires undergo 'softening' with decreasing diameter size. This size-dependent softening is a different behavior of nanowire elasticity compared to those in other nanowires for which size-dependent stiffening is observed, e.g.
[110]-oriented Cu nanowires [31] , [110]-oriented Ag nanowires [40] , GaAs nanowires [15] , and CuO nanowires [41] . The size-dependent softening or stiffening of nanowires is probably the result of combinational effects of surface stress/energy and nonlinear elastic effect of nanowire core [31] . The tensile surface stress existed in an equilibrium state of nanowire produces axial compressive strain at the core, leading to an inherent nonlinear elastic response [15] . The overall nanowire softening or stiffening is then largely dominated by orientation-dependent core elasticity in ultrathin nanowires. In the case of spinel ultrathin nanowires in this study, all three nanowire orientations behave similarly, with their Young's modulus decreasing as nanowire diameter shrinks in size.
In addition, the ultimate tensile strength or UTS (i.e. peak value in the stress-strain curve) is also measured for each nanowire (see figure S1 in supplemental information). It seems that the dependence of the ultimate tensile strength on the crystal orientation of the spinel single-crystal nanowires is less significant as compared with that of the elastic modulus. In general, when the strain rate is high, the elastic modulus is not sensitive to the strain rate of tensile deformation. In most reported MD modeling, the strain rate is in the range of 10 7 -10 11 s −1 (e.g. 10 10 s −1 in this work). These are several orders of magnitude higher than those used in most experiments, typically ranging from 10 −4 -10 −3 to 10 3 -10 4 s −1 . The ultimate tensile strength is usually dependent on the strain rate, especially when the strain rate is high. This is because elastic modulus represents elasticity and is usually the result of bond stretching along crystallographic planes [15] . Thus, the elastic modulus represents the intrinsic bond strength of the material. However, the ultimate tensile strength is related to the response time of deformation, i.e. the time for diffusion of atoms. Particularly in the case of spinel nanowires with a diameter less than 10 nm, the brittle-to-ductile transformation has already begun, providing certain plasticity deformation mechanism or atomic diffusion mechanism. In our work, we have observed a strain rate sensitive behavior of the ultimate tensile strength, i.e. the higher the strain rate the higher the ultimate tensile strength. It is likely this kind of strain rate effect on the ultimate tensile strength is different in different crystal orientations due to the different interatomic bond strength in different orientations. As a result, in the case of spinel single crystal nanowires, the crystal orientation dependence of the ultimate tensile strength is weaker compared to the elastic modulus.
Conclusions
The uniaxial tensile deformation of single-crystal MgAl 2 O 4 spinel nanowires with different orientations and diameters are studied at the atomic level. The MD results depict distinct size dependence of mechanical properties in each crystal orientation. Deformation characteristics also vary with the reduction of nanowire diameters. Spinel nanowires with [100] and [111] crystal orientations undergo brittle-to-ductile deformation mechanism when their diameters decrease below about 4-6 nm. Though [110] spinel nanowires show plastic deformation through the {111}〈110〉 crystal plane slip systems, this slip-assisted mechanism deactivates when the nanowire diameter is smaller than 6 nm. These simulations are in good agreement with relevant experimental findings and provide new insights into the nanomechanics of spinel nanowires. It is known that nanowires are among the most important building blocks/units for developing nanodevices or nanowire-based materials. The better we understand the nanomechanics of spinel nanowires, the closer we are to tailoring such nanowires for the development of nanodevices and high-strength spinel materials to a certain extent. The results of this study on the mechanical deformation and properties of spinel nanowires are also expected to aid in the design and fabrication of nanowire-based materials and nanodevices.
